INTRODUCTION
Designers are turning to thick fiber reinforced composites, with increasing success, in order to meet the unique structural requirements which arise within the aerospace industry. These composites offer many superior properties, especially in the design of solid rocket motor cases, where there is a tremendous potential for advantage in strengthto-weight and stiffness-to-weight ratios over conventional materials [1, 2] . The increased use of thick fiber reinforced composites presents quite a challenge to the NonD.estructive ~valuation (NDE) community. To inspect these materials, conventional NDE techniques must be modified and/or new techniques must be developed to permit interrogation of the full material thickness and adjacent bondlines. Thick fiber reinforced composites exhibit a degree of anisotropy that is orders of magnitude above that of previously employed structural materials (i.e., metals). This anisotropy stems not only from the basic construction of the composite (oriented fibers imbedded within a matrix), but also from what are currently considered "acceptable flaws" within the material (varying degrees of delamination, matrix cracking, porosity, etc.). Successful NDE requires that one be able to distinguish the signals from these "acceptable flaws" from those deemed unacceptable. For the detection of some types of flaws, conventional techniques can be applied to composites with only slight modification, whereas for others, new techniques must be developed. For instance, recently, a large (expensive) solid rocket motor segment sustained an accidental impact. Standard ultrasonic inspection techniques successfully revealed delarninations between a number of layers in the composite case beneath the point of contact. Structural analysis, however, indicated that additional information regarding the degree of fiber breakage was needed. Unfortunately, since no NDE technique was available to assess the degree of fiber breakage, the contractor had to assume the worst and, consequently, scrap the motor.
The geometry and internal structure of the materials used in a component can significantly limit the potential for successful NDE. For instance, as will be discussed later, the large lateral to normal thermal diffusivity ratio in graphite/epoxy (GrIEp) composites leads to a rapid decrease in the depth at which defects can be thermographically imaged. Similarly, the propagation of ultrasonic signals can be significantly affected by a material's elastic anisotropy and the presence of voids and/or matrix-rich regions. In general, void geometry and distribution within a composite is dependent upon the way in which the filament bundles are aligned (filament wound, broadgoods, multidimensional or woven). It might also be noted that the same filament bundle orientation determines the composite's physical properties (upon which NDE methods rely) such as the thermal conductivity and elastic moduli. This paper reviews several aspects of three primary NDE methods with regard to their applicability for the inspection of thick, carbon-fiber reinforced, polymer-matrix composites: Thermography, Acoustic ~mission (AE) and !J.ltrasonic Testing (UT).
MICROSTRUcruRAL CONSIDERATIONS
One very important, yet often overlooked, aspect of interpreting NDE data involves consideration of the material's microstructure. This is especially true in composites, where the microstructure is heavily influenced by various details of the manufacturing process (fiber type, fiber orientation, matrix material, etc.).
A micrograph of a section taken from the thick Gr! Ep composite case of a large solid rocket motor is depicted in Fig. lAo The term broadgoods refers to pre-impregnated material plies which were hand layed onto the mandrel, whereas the helicals are individual tows dipped in resin then wound onto the mandrel. Careful inspection of the micrograph reveals that the voids and resin rich areas are throughout the helicals and between the plies of the broadgoods.
A very enlightening way to visualize the void structure within a composite is to x-ray it after it has been impregnated with a radio-opaque substance. Mercury under 0.1 GPa of pressure was forced into the pores of a 1 cm 3 specimen taken from the same material as that depicted in Fig. lA . A radiograph of this specimen is presented in Fig. lB . Similar results can be obtained using vacuum impregnation and radio-opaque dyes. The radiograph shows that the pore distribution is far from uniform. The pores tend to congregate at the interfaces of the basic structural units formed by the reinforcement material prior to lay-up. In filament wound materials the basic structural unit is the individual fiber bundle or tow, whereas in broadgoods the unit is an individual ply. It should be stressed that the pores which are observed in Fig from the pores will not be isotropic, but rather will display the same symmetry as the pore structure. Sound may also echo or resonate within the denser regions bounded by pores.
In addition, thermographic results could be affected because the porous regions will exhibit a lower thermal diffusivity than other regions. The porous regions would also lead to low density indications during traditional x-ray inspection which could be misinterpreted as indicative of significant defects.
THERMOGRAPHY
With respect to thermography, the biggest difference between GrIEp composites and other materials involves the extreme anisotropic nature of the composite's thermal diffusivity. The graphite fibers have a very high thermal diffusivity along their axis (parallel to the graphite basal plane). For some fibers this axial value is higher than the thermal diffusivity of copper or silver. In most aerospace composites, the fibers are oriented in planes perpendicular to the surface normal of the part, so that the thermal diffusivity within that plane is very high. Since no fibers are oriented with their axis perpendicular to the surface, the normal diffusivity is dominated by the matrix properties which are usually orders of magnitude lower than that of the fibers. Most thermographic techniques involve uniformly heating a surface and imaging the surface temperature as the heat flows into the material. Since the heat which builds up at the surface of a flaw is conducted laterally much faster then normally, the hot spot on the surface caused by the flaw is both decreased in temperature and spread out laterally.
The "rule of thumb" for thermography in isotropic materials is that for planar flaws parallel to the surface to be successfully imaged, they must have a diameter to depth ratio, R ~ 1 [3] . To test this in GrIEp, a sample was prepared with three 1.27 cm (0.5 inch) and three 0.635 cm (0.25 inch) diameter flat bottom holes drilled from the back side. The depths of these holes, defined as the distance to the bottom of the hole from the front surface, were chosen to make R = 1.0, 2.0 and 4.0. Tests on this sample were first performed locally and then by other reputable thermographers. The only hole successfully imaged was the 1.27 cm (0.5 inch) diameter, 0.3175 cm (0.125 inch) deep hole for which R = 4. The image of this hole is depicted in Fig. 2 . The fiber reinforcement for the material used for the test specimen consisted of T300 fibers. One would expect that the use of a more graphitic fiber would lead to a composite with a higher thermal anisotropy and consequently, that R would have to be even higher to produce a successful image. 
ACOUSTIC EMISSION
Acoustic Emission (AE) monitoring techniques have yielded useful data during proof tests of some composite structures. The utility of the data from GrIEp composite structures, however, has not yet been fIrmly established. The GrIEp components common to spacecraft are so stiff and brittle, that no signifIcant acoustic activity is detected until the load is within a few percent of the material's ultimate strength. At this point, more acoustic events occur than can be properly measured and there is usually is not enough time to stop the test.
Current studies [4, 5] are being focussed on the time decay of the AE rate during load holds. Fig. 3 is a record of the AE events emitted from two separate composite samples following an increase in tensile stress and subsequent load hold. Both these samples were manufactured using the same fIber and matrix material. For one sample the fIber lay-up was unidirectional, whereas in the other a cross ply fabric was used. It can be seen (Fig. 3 ) that for both samples the AE rate decreased over time as the stresses within the sample redistributed to accommodate the increased load. In addition, it should be noted that the time decay of the AE rate was very similar for both of these samples. This experiment suggests that the time decay of the AE rate is weakly dependent on the lay-up while other experiments indicate that it depends strongly on the constituent materials. Additional experiments are being conducted to determine which material properties control the time decay of the AE rate and also how this knowledge can best be used in the NDE of composite materials.
ULTRASONICS
The diffIculties encountered when applying UT to the inspection of composites derive primarily from two sources. First, since composites inherently possess a high degree of elastic anisotropy, the propagation of ultrasound through the composite is often not simple, but rather depends strongly on the angle between the fIlaments and the incident sound beam [6] . In addition, density variations and the large number of interfaces present results in both scatter and attenuation of an ultrasound beam. These effects generally become more severe in the thicker composites. Fortunately, as indicated earlier, the most prevalent Figure 3 . Acoustic emission events as a function of time emitted from two separate composite samples following an increase in tensile stress and during a subsequent load hold beginning at the 6 minute mark. Both samples were manufactured from the same fIber and matrix materials, but with a different fiber lay-up. structural composites materials are roughly 2-dimensional (fibers oriented in planes perpendicular to the surface nonnal). As a consequence, UT inspections are usually carried out with the sound beam propagating normal to the axis of the reinforcement fibers, resulting in a relatively simple directional propagation of the sound beam. The remainder of this section will focus on the second difficulty associated with UT of composites. This difficulty stems from the fact that the porosity in composites is often very high (5 -15%). Such porosity can mask defects such as delaminations and adhesive disbonds within composite structures.
Since the scattering power of small defects (such as small pores) depends on the inspection frequency, porous composites, and composites in general, can be considered as spectral filters. Frequency-dependent scattering tends to remove (scatter) the higher frequency components of the soundbeam. The fact that scatterers as small as individual 10.0 Ilm diameter filaments can effectively scatter ultrasound is demonstrated in Fig. 4 , which is an acoustic image (1.0 MHz, focussed transducer) of 3 individual carbon filaments. Note that the acoustic wavelength is a factor of 150 larger than the fIlament diameter, yet the effects of individual filaments are clearly observed. Larger porosity, such as that seen in Fig. 1 , would scatter ultrasound even more.
Since the distribution of voids and filaments in composites is fairly non-uniform, it follows that the spectral transmittance of the composite is also non-uniform. This nonuniformity is illustrated in Fig. 5 , which shows the lateral variation of the attenuation of a through-transmission tone-burst signal at the noted frequencies. The nominally acceptable level of randomly distributed porosity present in this material results in a large variation in ultrasound transmission, which can mask defect indications at frequencies above about 0.2 MHz. For this reason, such composites are most effectively inspected at relatively low frequencies, where the lateral variation is minimal.
Another illustration of the effect of lateral variation of transmission is shown in Fig. 6 . This figure shows a C-scan image of an air bubble on the back side of a 3.8 cm (1.5 inch) thick GrIEp composite immersed in water. The air bubble was used to simulate an adhesive disbond on the back surface of the composite. At 1.0 MHz, the lateral variation of transmission partially masks the air bubble indication, whereas at 0.25 MHz the lateral variation is much less, and the "defect" is clearly resolved. This problem is not as serious in through-transmission UT because such debonds transmit almost no ultrasound, and sufficient receiver gain can be used to overshadow any porosity related lateral signal variations in the material. Since the soundbeam attenuation in composites like that of Fig. 6 is also minimized at frequencies below 0.4 MHz, UT inspection of thicker sections is possible. Low porosity composites, such as those manufactured exclusively from broadgoods, do not suffer from such drastic spectral ftltering of the ultrasound beam. In such composites, sections as thick as five centimeters (two inches) have been successfully inspected for delaminations and simulated debonds at frequencies up to 5.0 MHz. 
